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Abstract 

In an analysis of video observations of gravel transport in the West 
Solent, UK, collective and individual characteristics of 458 'bursts' 
of bedload have been examined and the transport velocity and dis- 
tance of 1680 individual particles in a consecutive succession of 
'burst events' determined. Infrequent, long duration, high stress 
events account for 60% of total transport in only 24% of the total 
time with the mean free path and transport velocity for particles 
being 0.16 m and 0.22 m/s, respectively. Clear links between 
intense intermittent turbulence and bedload transport revealed in 
this study, suggest progress in modelling requires a clearer un- 
derstanding of near bed flow structure. 

Introduction 

In studies examining bedload transport, attention has 
generally focussed on grain and flow parameters gov- 
erning average transport rates (van Rijn 1986, Yalin 
1963). Data to derive and test these expressions have 
been obtained using a range of laboratory and field 
techniques including: Bedload traps (Helley and Smith 
1971, Tacconi and Billi 1987); fluorescent and radio- 
active tracers (Heathershaw 1981, Lees 1979); and 
ripple progression monitoring (Kachel and Sternberg 
1971, Wilkinson and others 1984). Generally, these 
methods yield only time averaged bedload transport 
data and therefore provide poor resolution of individ- 
ual or collective grain motion in time and space. As 
a result, linkages between boundary layer turbulence 
and sediment dynamics cannot be established in de- 
tail. 

Although observation and quantitative measure- 
ments of bedload transport have been obtained using 
motion-picture photography or video in laboratory 
flumes (Abbott and Francis 1977, Grass 1970, Hub- 
bel and others 1986, Nakagawa and others 1980, Parsons 

1972) few data exist for bedload in full scale geo- 
physical flows. Several authors have observed bed- 
load in natural rivers and streams (Drake and others 
1988; Whiting and others 1985, 1988), yet despite their 
widespread occurrence in shelf seas, very few de- 
tailed data are available for the bedload transport bf 
coarse marine sediments (Hammond and others 1984). 

This paper describes and analyses field observa- 
tions of the entrainment and bedload transport of ma- 
rine gravel obtained from continuous video records. 
Both collective, e n  m a s s e  intermittent bedload trans- 
port events and individual particle dynamics are ex- 
amined. To aid interpretation of these observations, 
simultaneous measurements of flow turbulence and 
bedload transport previously reported (Thorne and 
others 1989) are briefly referred to here. 

Site Description, Instrumentation and Video 
Analysis 

The field observations were carried out in the West 
Solent, southern England, during 1982 and 1983 at 
the location shown in Figure 1. Water depth was ap- 
proximately 20 m with an average mean surface cur- 
rent of 2.3 m/s .  Owing to local shelter effects wave 
activity was negligible during all experimental pe- 
riods. Bottom sediments consisted of a quartz sand 
base (median diameter = 400 txm) overlain with an- 
gular to subrounded chert gravel (median diameter = 
9.0 mm) (inset B, Fig. 1). Side scan sonar showed 
the immediate study area to be nominally flat with 
adjacent gravel bedforms (inset A, Fig. 1). Additional 
site details are given by Langhorne and others (1982, 
1986). 

Deployed instrumentation consisted of electromag- 
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Figure 1. Location of field study site. Insets show: (A) prominent gravel bedforms identified from side scan sonar surveys and (B) 
typical grain size distribution obtained from grab samples. 

netic current meters to measure the horizontal (u') and 
vertical (w') component of  flow (0.33 m above the 
bed) and a hydrophone (0.25 m above the bed) to re- 
cord the sediment generated noise (SGN) that results 
from interparticle collisions during bedload transport 
of gravel (Thorne 1986a). Using a detailed calibration 
procedure involving careful scrutiny of all grain mo- 
tion during a selected half hour video record, Thorne 
(1986b) related bedload transport qb ( k g / m / s )  to ra- 
diated acoustic energy I ( t~W/m), measured at the by- 
drophone by 

qo = 4.0 • 10-4/ ,  

and showed that this passive acoustic technique could 
be applied to obtain good estimates of  marine gravel 
transport at sea. During deployment, continuous ob- 

servations of  a 2 m 2 a rea  of sea bed sediments were 
obtained using a video camera set at an oblique view- 
ing angle 0.5 m above the bed. To overcome the 
problems associated with image distortion arising from 
a number of sources, a finely ruled grid was placed 
on the bottom of a large laboratory tank and the cam- 
era set at the field deployment height and view angle. 
The resulting video image was used to give a scale 
correction template for use in subsequent determina- 
tions of  grain size, bedload transport speeds and dis- 
tances. The diameter of  clearly visible surface parti- 
cles could be estimated to +_0.5 cm and grain transport 
distance and speed to +_1.0 cm and +_5 cm/s ,  re- 
spectively. Owing to limited resolution, transported 
particles with an intermediate axis less than 0.5 cm 
were not considered. 
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In the following discussion, bedload transport events 
are defined as being periods of transport lasting at least 
one second and involving the transport of more than 
ten particles greater than 1.0 cm in diameter. In the 
intervening quiescent periods, all grains greater than 
2 mm in diameter remained stationary. Selection of 
video sequences from 1982 and 1983 deployments in 
which flow and bed conditions were approximately 
the same (mean current speed at 0.33 m, U33 = 1.0 
+- 0.1 m/s ) ,  permitted the combination of observa- 
tions in a statistically meaningful way. In total, 458 
collective bedload transport events were examined and 
individual particles moved during a consecutive se- 
quence of 80 events were examined in 1680 cases. 
Estimates of grain size, transport speed and transport 
distance obtained by independent observers  thor- 
oughly familiar with a given video sequence were re- 
jected if datum differed by more than +- 10%. 

Results and Discussion 

Bedload sediment transport has a multiplicity of forms 
and regimes dependent principally upon grain size and 
mean bed shear stress. In the case of  marine gravel 
transport, modes of  transport range between an incip- 
ient stage of initial particle dislodgement to a sporadic 
rolling or sliding of grains in response to momentary 
bed shear stresses in excess of  the local threshold. As 
flow velocity increases further, intervening quiescent 
periods become shorter and more infrequent. Finally, 
at very high bed shear stresses, all grains are incor- 
porated in a continuous en masse sheet flow some- 
times termed a 'traction carpet, '  (Postma and others 
1988, Todd 1989). It should be noted carefully that 
at the present site the flow regime falls between these 
two extremes, with the mean bed shear stress re- 
maining just below the threshold value and giving rise 
to sporadic bedload transport events in response to 
momentary excursions of instantaneous bed shear stress 
above the local threshold value (cf. Thorne and others 
1989). Further consideration of bedload transport modes 
is given below. 

Collective Bedload Transport  

In Figure 2, visual estimates of  bedload transport rate 
obtained from a typical 30 minute video record (U33 
= 1.05 m/ s )  are compared with the SGN measure- 
ments from the same period. In Figure 2A, a linear 
scale of relative transport intensity was devised col- 
lectively by observers, with values zero and ten rep- 
resenting no transport and transport of  all visible bed 
material, respectively. In Figure 2B, bedload trans- 
port rate measured by the hydrophone has been ob- 

tained for the same period. Close correspondence be- 
tween periods of high and low bedload transport in 
the example shown in Figures 2A and 2B demon- 
strates that both the relative magnitude and occur- 
rence of significant transport events have been cor- 
rectly identified from the video records. In both cases, 
intermittent bedload transport at this site, typifying the 
intermediate transport mode, is clearly evident. 

In previous studies by Heathershaw and Thome 
(1985), turbulent quasi-bursting events, which exhibit 
similar properties to the turbulent bursting processes 
observed in the laboratory (cf. Kline and others 1967), 
have been identified in the present flow data using the 
quadrature classification scheme (Lu and Willmarth 
1973). These studies have shown that sporadic bed- 
load transport events of the type illustrated in Figure 
2 are initiated and driven principally by high ephem- 
eral bed shear stresses (frequently 5 to 10 times the 
mean) which result from an inrush of relatively high 
velocity fluid towards the bed. In the quadrature 
scheme, such events are characterised by u'  > 0, w' 
< 0, where u' and w' are the turbulent fluctuations 
about the horizontal and vertical mean flow compo- 
nents, U and W, respectively. Such events are con- 
sidered to be analogous to the sweeps of classical tur- 
bulent bursting and together with less frequent events 
termed 'outward interactions' (u' > 0, w' > 0) have 
been found to be highly correlated with the bulk of 
bedload transport at the present study site. Work by 
Sutherland (1967), Grass (1970), Utami and Ueno 
(1987) and Drake and others (1988) has also indicated 
that similar energetic fluid motions may give rise to 
and drive a population of mobile bedload grains. 

The complex interaction between turbulent flow re- 
gimes and sediments such as those described above 
have been considered by Grass (1970). Grass intro- 
duced the novel concept that each individual grain at 
rest on the bed can be ascribed a unique threshold 
shear stress value ('rt). Thus, a natural heterogeneous 
sediment has a unique threshold probability density 
function (p.d.f.) determined principally by grain size, 
shape and placement, P(%). Similarly, for a given 
turbulent flow regime, the fluctuating component of  
instantaneous bed shear stress ('ri) also has a unique 
p.d.f . ,  P('ri). Using a simple stochastic model, Grass 
suggested that the degree of overlap between P('r,) and 
P(-ri) on a common shear stress axis defined, statis- 
tically, the mode and rate of  sediment transport. This 
useful conceptual framework is illustrated in Figure 3 
which shows varying amounts of  overlap between the 
p .d . f . ' s  for conditions of: (a) no entrainment; (b) the 
threshold condition; and (c) conditions of  intermittent 
entrainment and transport. It is considered that a con- 
dition similar to that shown in Figure 3c pertains to 
the present study site during periods of collective grain 
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Figure 2. Intermittent nature of marine bedload transport 20:30 hrs, 18 September, 1982: (A) visual observations and (B) measurements 
obtained by correlation with acoustic measurements (U33 = 1.05 m / s ,  * = events accounting for more than 60% of the total mass 
transport). 

motion and is probably typical of conditions associ- 
ated with the majority of moderately mobile marine 
gravels in shelf seas. 

The presence of dispersed fine organic particles in 
the flow allowed estimation of the flow velocity close 
to the bed. In common with observations by other 
workers (Drake and others 1988, Mirtskhulava 1970, 
Romanofski 1977, Rossinskiy and Lyubomirova 1969), 
a lag between the relatively slow moving bedload and 
the significantly faster fluid flow close to the bed was 
evident during all transport events. While an accurate 
measurement of the lag was not possible, visual ob- 
servations indicated that on average bedload moved 
at approximately half the near bed flow velocity dur- 
ing significant transport events. Owing to the rela- 
tively short duration of high bed shear stresses, how- 
ever, the formation of bedload sheets in flows well in 
excess of the threshold previously reported by Whit- 
ing and other (1985, 1988) and Drake and others (1988) 
was not observed. 

Single Bedload Transport Events 

In common with the present observations, several au- 
thors (Bridge and Dominic 1984, Meland and Norr- 
man 1966) have reported that, in the intermediate 
transport mode, the response of sediment to the 
downstream passage of sweeps is the same regardless 
of grain properties and exhibits a characteristic se- 
quence of sediment/fluid interactions. In this se- 
quence, the entrainment of grains by fluid drag and 
lift forces quickly mobilizes the sediment and leads 
to minor additional entrainment by ballistic impact 
between the mobile and static grain populations. Con- 
tact with the bed, although frequent in the case of 
large grains is generally brief. The general down- 
stream translocation of all susceptible bed material 
continues until fluid forces subside to a value below 
the threshold and motion ceases. A period of bed re- 
organization lasting 10-20 seconds usually follows a 
significant transport event (i.e., >0.05 kg/m) in which 
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Figure 3. Conceptual stochastic model of bedload transport re- 
gimes (after Grass 1970). 

larger grains perched in precarious positions find more 
secure resting places and disturbed fine material either 
settled between coarse grain interstices or is win- 
nowed away. This rapid development of an equilib- 
rium pavement surface appears to be a universal pro- 
cess for natural bimodal or mixed grain size sediments 
(Andrews and Parker 1987, Bray and Church 1980). 

Part of a typical sweep initiated bedload transport 
sequence from the present study is shown in Figure 
4 where concurrent scales of distance and time apply 
in all cases. In Figure 4A, the average downstream 
and cross-stream dimensions of the event are shown 
together with arrows indicating schematically the mean 
direction of transport. The downstream increase in the 
size of arrows in this figure reflects an increase in the 
observed intensity of bedload transport. This cascade 
of bedload in response to the downstream passage of 
a sweep event was observed to spread laterally in all 
cases at a mean divergence angle, O, of 8 ~ and, as 
expected in energetic tidal flows, is at a scale far greater 
than that reported for fluvial bedload transport (Drake 
and others 1988). Inspection of typical event char- 
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Figure 4. A typical sweep driven bedload transport sequence 
showing: (A) transport pathways and intensity (schematic); (B) the 
increase in mobile grain size; (C) u'; and (D) mass transport rate 
with time and distance downstream from the area of initial en- 
trainment. 

acteristics at half second intervals shows that once 
threshold conditions are exceeded, the maximum mo- 
bile grain size increases through time (Fig. 4B) and 
reaches a peak value of 4 cm before the mobile ma- 
terial is swept from the field of view of the camera. 
In this example, the corresponding 5 Hz records of 
the horizontal flow component (u') and bedload trans- 
port (qb, obtained acoustically) in Figures 4C and 4D, 
respectively, show that u' and qo increases erratically 
through time during the sweep event. The increase in 
u' shown here gives rise to an increase in bed shear 
stress and hence to the application of greater tractive 
forces on susceptible bed material. As a result, both 
the amount of transported material and the median grain 
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size o f  mobi le  grains  increases.  These  observa t ions  
conform,  therefore ,  to the genera l ly  accepted  views 
o f  bed load  ent ra inment  processes  for coarse  hetero-  
geneous  sediments .  Selec t ive  ent ra inment  and re-sort-  
ing processes  repor ted  by  Ikeda  and I seya  (1988) and 
K o m a r  and Li  (1988) were  not ev ident  in any of  the 
en  m a s s e  sweep t ransport  sequences  examined  in this 
s tudy despi te  the re la t ive ly  wide  grain size dis t r ibu-  
tion for  this sediment .  

Figure  5 shows f requency dis tr ibut ions for mobi le  
grain d iameter ,  t ransport  dis tance,  t ime and veloci ty  
obta ined  f rom visual  observa t ions  o f  a consecut ive se- 
quence of  80 bed load  t ransport  events.  Observed  dis- 
t r ibutions for  the durat ion and interval  between events 
examined  in this s tudy are also shown. In view of  the 
stochastic processes involved in bedload transport, the 
frequency distributions for transport distance, time and 
v e l o c i t y ,  as e x p e c t e d ,  d e v i a t e  s i g n i f i c a n t l y  f rom 
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Gaussian and to a large extent, reflect the range of 
grain sizes present in the mobile grain population. 
Frequency distributions for fine gravel displacement 
speeds in a small stream obtained by Drake and others 
(1988) have similar statistical characteristics. No sig- 
nificant correlation between grain size and transport 
speed or distance was found thus indicating that all 
grains mobilize during significant transport events. In 
Figure 5A, the mobile grain size distribution differs 
significantly from the grab samples (Fig. 1B). Present 
observations show that approximately 16% of mobile 
grains exceed the maximum grain size recorded for 
grab samples (3.2 cm) and indicate that at this site, 
grab samples do not describe the surficial particles in- 
volved in bedload transport well. In such cases, care- 
fully gathered surface sediment samples are probably 
more representative of the mobile grain population. 

The frequency distributions for the duration and in- 
terval between events shown in Figures 5B and 5C, 
respectively, exhibit the high kurtosis values indica- 
tive of intermittency (Heathershaw 1979). These data 
show that bedload transport at this site occurs in fre- 
quent, short duration events characterized by a me- 
dian duration and interval of 1.5 and 10.0 seconds, 
respectively. To those unfamiliar with marine bedload 
transport, Figures 5B and 5C may indicate that the 
bulk of sediment transport is accomplished primarily 
by these relatively short duration (< 10 seconds), high 
frequency (<50 seconds) events. Recent analysis of 
the SGN data, however, suggests strongly that while 
these events give rise to a low magnitude background 
transport rate (typically <0.02 kg/m),  they do not ac- 
complish as much mass transport as the less frequent 
(>150 seconds), long duration (>20 seconds) events 
where total mass transport is generally 0.2 to 0.3 k g /  
m at the present site. Such events are evident in the 
example shown in Figure 2B where 13 events in a 30 
minute SGN record of bedload transport (marked with 
an asterisk) account for more than 60% of total bed- 
load transport in only 24% of the total time. In view 
of this, it is considered that further progress in the 
development of a prognostic stochastic model for bed- 
load transport of marine gravel requires parameteriza- 
tion of duration, interval and magnitude of significant 
bed shear stress events together with an improved un- 
derstanding of sediment response to intermittent trac- 
tive forces arising during quasi-bursting events. 

Conclusions 

Data obtained in the present study have shown the 
value of visual observations in understanding fluid and 
sediment interactions and have extended the range of 
grain sizes examined during transport by an energetic, 

full scale geophysical flow. Bedload transport at the 
present site is characterized by intense bursts of en  

m a s s e  particle motion driven by momentarily high in- 
stantaneous bed shear stresses (5-10  times the mean) 
and separated in time by longer quiescent periods. 
Previous work has shown such motion to be associ- 
ated with quasi-fluid bursting processes in the benthic 
boundary layer. On average, 60% of total bedload is 
transported during events lasting only 24% of the total 
time. During such events, grains travel on average at 
a speed equal to approximately half the near bed flow 
(0.22 m/s)  over distances ~0 .16  m. However, in 
common with the duration and interval between events, 
the transport speed and distances associated with the 
grain population examined were extremely variable. 

It is now clear from both past and present work on 
marine gravel transport that further progress in mod- 
elling intermittent bedload requires clearer under- 
standing of boundary layer turbulence structure and 
of sediment response to the application of momentari- 
ly high bed shear stresses. While at present, under- 
standing of the mechanisms governing the interaction 
between the p.d.f 's  "ri and % in the interactive sto- 
chastic model proposed by Grass (1970) requires fur- 
ther work, detailed analysis of further data relating to 
flow and particle motion may prove to be useful in 
defining in s i tu  values for P(%) and P('rc) for natural 
sediments. Further work to achieve these objectives 
using statistical techniques is currently being under- 
taken. 
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